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Melatonin induced cyclic modulation of vectorial water trans- Melatonin (N-acetyl-5-methoxytryptamine) is a lipo-
port in kidney-derived MDCK cells. philic hormone produced by the pineal gland. Newly
Background. Melatonin, newly synthesized by the pineal synthesized melatonin is rapidly released to the generalgland, is rapidly released to general circulation reaching a nano-
circulation where the highest levels reach a nanomolarmolar concentration. Cyclic production of melatonin synchro-
concentration [1]. Melatonin production depends on thenizes body rhythms with the photoperiod. Moreover, changes
in urine production and osmolarity have been observed in the photoperiod. Cyclic production of melatonin synchro-
kidney during the night. However, the precise mechanisms by nizes body rhythms with the dark-light cycle and causes
which plasma-circulating melatonin modifies renal physiology a broad spectrum of metabolic and physiologic effectsare not clearly understood.
in the central nervous system and peripheral organs [1].Methods. Madin-Darby canine kidney (MDCK) cell mono-
In rodent kidney, the hormone changes urine productionlayers transport water vectorially from the apical to the basolat-
eral side forming blisters or domes. Transport in epithelial cells and osmolarity [2]. In humans, both the glomerular fil-
is regulated by tight junction sealing, ion pumps and channels, tration rate and sodium, potassium, chloride, and urate
and cytoskeleton organization, among other processes. MDCK excretion rates decrease by 50% during the night [3, 4].cells were used to study vectorial water transport to determine
However, the precise mechanisms by which plasma-cir-the role of microfilament organization and protein kinase C
culating melatonin may modify renal physiology are not(PKC) in dome formation in culture conditions that mimic the
cyclic pattern of melatonin circulation in plasma. clearly understood. It has been proposed that modifica-
Results. Melatonin cyclically increased dome formation by tions can be mediated through stimulation of Mel1a recep-
50% and caused enlargement and thickening of stress fibers tors localized in the basolateral membrane of the renal
in cells surrounding the domes. Optimal increase in dome for-
cortical epithelium in proximal tubules [5]. It has alsomation was observed at nanomolar concentrations of melato-
been suggested that plasma-circulating levels of melato-nin after 6 hours, concomitantly with a 28% decrease in the
transepithelial electrical resistance, which remained low for up nin may synchronize cell physiology with the photo-
to 12 hours, without apparent change in fluorescein isothiocya- period by changing cytoskeletal organization [6]. In N1E-
nate (FITC)-dextran flux. A blockage in dome formation elic- 115 cells, cytoskeletal changes in neurite outgrowths are
ited by melatonin was observed in monolayers preincubated elicited by melatonin. The hormone, through Ca2/cal-with the Na-K-ATPase or PKC inhibitors.
modulin antagonism, elicits microtubule elongation [7].Conclusion. The results obtained indicate that melatonin
While PKC alpha is selectively activated by melatonin,cyclically modifies the transepithelial permeability in kidney-
derived cells through PKC activation and microfilament reorga- causing the kinase translocation from the cytosol to the
nization, and supports the hypothesis that melatonin may syn- membrane-cytoskeletal fraction, an increased vimentin
chronize daily body rhythms through cyclic cytoskeletal re- phosphorylation and a reversible vimentin intermediatearrangements.
filament reorganization occurs at the same time in the
activated cells [8, 9]. It has also been observed that con-
tinuous application of melatonin causes thicker micro-Key words: melatonin, MDCK, water transport, protein kinase C, actin,
microfilaments. filament stress fibers and enhanced actin staining at the
cell borders in MDCK cells [6].Received for publication September 4, 2002
MDCK cell monolayers resemble the intercalated cellsand in revised form October 7, 2002
Accepted for publication November 21, 2002 of renal cortical collecting ducts and respond to hormones
and naturally occurring activators in culture [10, 11]. 2003 by the International Society of Nephrology
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These cells develop tight junctions that regulate paracel- cytoskeleton and dome formation, suggests that actin
cytoskeletal changes and PKC are active participants inlular ion diffusion from the lumen to the interstitial side
[12]. A Na-K-adenosine triphosphatase (Na-K- the mechanism by which melatonin increases the vector-
ial water transport in these cells. In the present work,ATPase) located in the basolateral domain, creates a
driving force for sodium vectorial transport from the culture conditions that resemble the cyclic changes of
melatonin plasma-circulating levels were used to charac-apical to the basolateral direction across the cell [12, 13].
Both paracellular and transcellular pathways of ion trans- terize, in MDCK cells, vectorial water transport, as well
as microfilament rearrangements and PKC participation,port play a key role in determining the osmotic gradient
and the net basolateral water flux across the epithelial in dome formation. The results showed that in MDCK
cells incubated for a 12-hour cycle of melatonin followedmonolayer [14]. When monolayers are cultured on non-
permeable supports, vectorial-transported water is accu- by a 12-hour cycle without melatonin, dome formation
increased and decreased in a cyclic pattern. Associatedmulated between the basolateral domain and the surface
of the culture dishes forming blisters or domes [14], with the changes occurring in one cycle in the presence
of melatonin, a decrease in transepithelial resistance andwhich can be inhibited by the Na-K-ATPase inhibitor,
ouabain [15, 16]. a concomitant thickening of stress fibers were observed.
The data also indicated that PKC activity is necessaryMDCK cells show a reticular pattern of very fine actin
filaments tethered to the cell membrane forming a corti- for the increased vectorial water transport.
cal ring and extending laterally toward the basal side of
the cells. Actin filament integrity is necessary for modula-
METHODS
tion of transepithelial permeability as its association with
Materialsmembrane components regulates the sealing of the tight
junctions and the paracelluar pathway of ion transport MDCK cells were obtained from the American Type
Culture Collection (Rockville, MD, USA). Culture me-[17]. In the presence of cytochalasin B, cytoplasmic and
cortical microfilaments are disrupted, tight junctions lose dia and bovine serum were purchased from Gibco BRL
(Grand Island, NY, USA). Melatonin and all other chem-their organization and remain open, and transepithelial
electrical resistance is abolished [17, 18]. Moreover, the icals were obtained from Sigma Chemical Co. (St. Louis
MO, USA). Melatonin, ouabain, phorbol 12-myristateactin cytoskeleton has been shown to interact with trans-
membrane proteins such as the band 3 anion exchanger 13-acetate (PMA), and PKC inhibitors were dissolved
in 60 L ethanol and the vehicle (0.005 mol/L Tris, pH[19], the epithelial Na-K-ATPase [20], the Na-K-
Cl cotransporter [21], and the Na channel [22]. Fur- 7.6, 2% glycerol), water, or dimethyl sulfoxide (DMSO),
respectively, and diluted in Dulbecco’s modified Eagle’sthermore, actin filaments stimulate Na-K-ATPase ac-
tivity by a mechanism that implicates a direct binding of medium (DMEM). Final ethanol and DMSO concentra-
tions were 0.001%. [3H]-H2O (1 mCi/g), and anopore-actin to the enzyme [23]. Not surprisingly, it has been
shown that dome formation can be abolished by blocking permeable supports were purchased from NEN-Dupont
(Boston, MA, USA) and Nunc (Roskide, Denmark),the organization of the actin cytoskeleton [11, 16].
Besides actin microfilament regulation of vectorial ion respectively.
and water transport in epithelial cells, it has been pro-
Cell cultureposed that PKC participates in the regulation of this
process. It has been reported that 1,2-dioctanoylglycerol, MDCK cells (100 to 130 passage) were cultured in
DMEM supplemented with 10% bovine serum as de-a PKC activator, increases transepithelial electrical resis-
tance by 100%, while the PKC inhibitors, H-7 and poly- scribed [6]. Confluent cultures were washed three times
with phosphate-buffered saline (PBS) (0.128 mol/L NaCl,myxin B, blocked transepithelial electrical resistance de-
velopment in MDCK cells [24]. Furthermore, treatment 0.010 mol/L Na2HPO4, and 0.005 mol/L KH2PO4, pH
7.2). Cells were detached with 0.05% trypsin, 0.002 mol/Lof cultured proximal tubule cells with the PKC agonist
phorbol 12-myristate 13-acetate (PMA) is followed by ethylenediaminetetraacetic acid (EDTA) in PBS, and
replated at high density (100,000 cells/cm2) on Petrian increased phosphorylation of the Na-K-ATPase,
and by translocation of the enzyme to the plasma mem- dishes (35 mm diameter), glass coverslips (20 20 mm),
or 0.2 m anopore-permeable supports (0.9 cm diame-brane [25, 26]. Phosphorylation is proportional to the
increased Na-K-ATPase activity observed [26]. These ter). Replated cells were cultured for 7 days in normal
media before the experiment was performed.observations suggested that PKC participates in tight
junction sealing and therefore in the regulation of both
Evaluation of dome formation in MDCK monolayersparacellular and transcellular permeability in epithelial
cells. Recently, it has been reported that PKC is activated In order to characterize the effects of melatonin on
vectorial water transport, dome formation was evaluatedby melatonin in MDCK cell homogenates [27]. This evi-
dence, together with the effects of melatonin on the actin in monolayers grown on Petri dishes, alternating incuba-
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tion for 12 hours with 109 mol/L melatonin or culture Transepithelial electrical measurements
medium containing the vehicle in which melatonin was Vectorial ion transport was evaluated by measuring
dissolved. This procedure was maintained for 3 days. the electrical resistance across the monolayers. MDCK
To determine the optimal melatonin concentration to cells plated on 0.2 m anopore-permeable support in-
increase water transport, monolayers were incubated for serts and cultured for 7 days were incubated with the
6 hours with various melatonin concentrations (1011, vehicle for 12 hours. Cell culture media was removed
109, 107, or 105 mol/L) or the vehicle. PKC participa- and 109 mol/L melatonin in DMEM was added. Trans-
tion in the melatonin induction of vectorial water trans- epithelial electrical resistance was measured every 3
port was determined by incubation of the cells with the hours in a Millicel-ERS Volt-Ohmmeter (Millipore Co.,
PKC agonist PMA (20 nmol/L), or with the specific PKC Bedford, MA, USA) as described [30]. The monolayer
inhibitors bisindolylmaleimide (GF 109203X) [28], or area recorded was 0.64 cm2. Transepthelial electrical re-
calphostin C (UCN-1028C) [29] (0.5 mol/L) for 20 min- sistance values were normalized for 1 cm2 and obtained
utes, prior to the 6 hours of melatonin treatment. Partici- after subtraction of the anopore filter electrical resis-
pation of Na-K-ATPase in dome formation was evalu- tance.
ated in MDCK cell monolayers treated for 60 minutes
with the Na-K-ATPase inhibitor ouabain (10mol/L), Paracellular tracer flux
109 mol/L melatonin, or 10 mol/L ouabain followed Fluorescein isothiocyanate (FITC)-dextran (4 kD) was
by a 6-hour treatment with 109 mol/L melatonin. In all used at a final concentration of 10 g/mL dissolved in
the experiments, domes were counted in four random- Ringer’s buffer (0.115 mol/L NaCl, 0.025 mol/L NaHCO3,ized fields per Petri dish in an optic Olympus inverted 0.005 mol/L K2HPO4, 0.002 mol/L MgSO47H2O, 0.001microscope as described [6]. mol/L CaCl2, and 0.002 mol/L glutamine). MDCK cell
monolayers cultured on anopore filters were incubatedWater flux
with the vehicle or 109 mol/L melatonin added to the
Vectorial water flux was measured by counting [3H]- apical bathing media for 4 hours, 7 hours, or 10 hours
H2O transported across the monolayers plated on 0.2 m [31]. Afterwards, monolayers were washed with Ringer’s
anopore-permeable support inserts and cultured with buffer. Media at both apical and basolateral compart-
DMEM containing the vehicle or 109 mol/L melatonin
ments were replaced by Ringer’s buffer. FITC-dextran
for 6 hours. Monolayers were preincubated for 20 min-
was added to the apical side and monolayers were cul-
utes with 2 Ci/mL [3H]-H2O added to the apical side of tured for an additional 2 hours in the presence of thethe MDCK monolayer bathing medium. After allowing a
vehicle or the hormone to complete 6 hour, 9 hours, and20-minute equilibration period, melatonin or the vehicle
12 hours of incubation. After this period 500 L aliquotswere added to the apical side and 500 L aliquots were
were taken from the basal compartment. FITC-dextrantaken from the insert opposite side (basolateral side)
concentration in the basolateral Ringer’s buffer was de-every 3 hours. Radioactivity was counted in a Beckman
termined by photofluorimetry (excitation, 492 nm; emis-scintillation counter.
sion, 520 nm, Shimadzu RF5000).
Immunofluorescence
Statistical analysis
MDCK cells grown on glass cover slips were incubated
All experiments were done in quadruplicate. Resultsfrom 3 to 12 hours with DMEM containing the vehicle
were expressed as mean  SEM values. Data were ana-or 109 mol/L melatonin. After incubation, cover slips
lyzed by the paired or unpaired Student t test. A valuewere rinsed 3 times with PBS and fixed for 30 minutes
of P  0.05 was considered to be significant.at room temperature with 3.7% formaldehyde. After
PBS rinsing, monolayers were permeabilized with cold
acetone (20C) for 5 minutes. Cover slips were stained RESULTS
for 20 minutes at room temperature with rhodamine
Melatonin dose-response curve on dome formationphalloidin diluted 1:20 in PBS [16]. After extensive rins-
Although in a previous work it was demonstrated thating with PBS, cover slips were mounted on glass slides
prolonged exposure of MDCK cell monolayers to mela-in 9:1 PBS/glycerol mixture. Stained cells were observed
tonin elicited an increase in the number of domes, itwith a 100 objective in an Olympus photo microscope
was fundamental for this approach to determine if theequipped with epifluorescence. Images were acquired
hormone could elicit dome formation at a similar concen-with a Hitachi KP-D581 color digital camera and pro-
tration to that reached in plasma during the night. Mono-cessed with the Image-Pro express software from Media
layers were exposed for 6 hours to different concentra-Cybernetics. Experiments were done in triplicate and
tions of melatonin: 1011, 109, 107, or 105 mol/L, andat least 20 fields were observed for each of the three
experiments. observed under the microscope to detect dome forma-
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Fig. 1. Dose-response effect of melatonin on dome formation. Con-
fluent Madin-Darby canine kidney (MDCK) cell monolayers were
incubated with Dulbecco’s modified Eagle’s medium (DMEM) con-
Fig. 2. Effect of cyclic addition of melatonin on dome formation.taining either the vehicle, or various melatonin concentrations (1011,
Confluent Madin-Darby canine kidney (MDCK) cell monolayers were109, 107, or 105 mol/L) for 6 hours. Domes were counted in four
incubated with Dulbecco’s modified Eagle’s medium (DMEM) con-randomly observed fields in four different Petri dishes using optic
taining either the vehicle () for 12 hours followed by 109 mol/Lmicroscopy. Results represent the mean  SEM of one out of three
melatonin () for 12 hours in a cyclic pattern. Domes were countedexperiments. Asterisks indicate significant differences compared with
every 3 hours in four randomized fields by optic microscopy. Eachthe vehicle. *P  0.05.
count was done in four different Petri dishes. Results represent the
mean  SEM of one out of three experiments. Asterisks indicate
significant differences compared with the vehicle; *P  0.05.
tion. As shown in Figure 1, 109 mol/L melatonin was
the optimal concentration to induce the highest increase
in dome formation. An increase of 82% was obtained 6 hours of melatonin incubation. After the hormone
withdrawal, the number of domes per field dropped evenafter 6 hours of incubation with the hormone (Fig. 1).
Increases of 50%, 66%, and 36% were observed at 1011, further, to 21, which is the average basal number ob-
served in monolayers cultured in regular media or in the107, and 105 mol/L melatonin, respectively. The dose-
response curve showed that melatonin induced an opti- presence of the vehicle for 7 days. Dome formation in
the presence of melatonin followed a cyclic pattern with amal increase in dome formation at a concentration simi-
lar to circulating levels of the hormone in plasma. similar profile to that of melatonin circulating in plasma.
Water flux induced by melatoninCyclic effect of melatonin on dome formation
To characterize if the process of dome formation could In order to confirm that vectorial water transport is
increased in monolayers incubated with melatonin,follow a cyclic pattern, confluent MDCK cell monolayers
were incubated for 12-hour cycles of 109 mol/L melato- MDCK cells cultured for 7 days on anopore filters were
cultured with the vehicle or the hormone up to 12 hours.nin followed by 12-hour cycles without melatonin. As
shown in Figure 2, increase in dome formation caused [3H]-H2O flux was measured every 3 hours. As shown
in Figure 3, no difference was found after 3 hours ofby melatonin was clearly observed in each of three cycles.
A gradual increase, reaching a maximum after 6 hours, melatonin incubation, but a significant increase of 10%
in the [3H]-H2O flux to the basal compartment was ob-followed by a decrease in dome formation was observed
in the presence of melatonin. The hormone increased served after 6 hours of melatonin incubation. The radia-
octive water accumulation in this compartment decreaseddome number per field in the range between 58% and
72%, compared with monolayers cultured only with the gradually after 9 or 12 hours of melatonin treatment. No
significant differences were found in the vehicle incu-vehicle. By 9 and 12 hours after melatonin incubation,
dome formation was decreased by 25% and 30%, respec- bated cells and an average of 80,000 cpmwere counted
in the basal compartment. The results indicate that watertively, compared to the optimal effect observed after
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Fig. 3. Effect of melatonin on water flux across Madin-Darby canine
Fig. 4. Time course of melatonin effects on F actin distribution inkidney (MDCK) cell monolayers. Cells grown on permeable filters
Madin-Darby canine kidney (MDCK) cells. Cell monolayers grownwere incubated with Dulbecco’s modified Eagle’s medium (DMEM)
on glass cover slips were incubated with either (A) the vehicle for 6containing either the vehicle for 3 to 12 hours, or with 109 mol/L
hours or (B) 12 hours, or with 109 mol/L melatonin for (C) 3 hours,melatonin for 3 hours, 6 hours, 9 hours, or 12 hours. [3H]-H2O was
(D) 6 hours, (E) 9 hours, or (F) 12 hours. Cells were fixed and stainedadded to the apical bathing medium 20 minutes before the vehicle or
with TRITC-phalloidin as described in the Methods section. Stressmelatonin. Samples were taken from the basolateral compartment and
fibers are marked by arrows. Photomicrographs represent results ob-radioactivity counted. Results represent the mean  SEM of one
tained in three experiments done by duplicate. Bar, 10 m.out of three experiments done in quadruplicate. Asterisks indicate
significant differences regarding the water flux measured in presence
of the vehicle. *P  0.05.
detached from the surface and do not show an organized
basal cytoskeleton (data not shown). However, the corti-
flux from the apical to the basolateral domain in MDCK cal ring in these cells remained intact and in place as it
cell monolayers incubated with melatonin correlates is in cells not forming part of it. The stress fibers, on
with the temporal course of dome formation induced by the other hand, showed a clear thickening at the focal
the hormone. contacts (Fig. 4D). This effect of melatonin on microfil-
ament organization was reversible; thus, after 9 and 12
Time course of melatonin effects on hours in the presence of the hormone, the actin microfil-
F-actin distribution aments recover basal organization seen in the vehicle-
Microfilament organization in MDCK cells has been incubated cells (Fig. 4 E, F). These observations showed
shown to be modified by dome formation [16]. There- that microfilament reorganization in the presence of mel-
fore, microfilament rearrangements were studied in the atonin, as well as the change in water flux induced by
same time-course conditions of one cycle of dome forma- the hormone, correlate with the temporal course for
tion in the presence of melatonin or the vehicle. As dome formation.
shown in Figures 4 A and B, actin microfilaments in
Effect of melatonin on transepithelialcells incubated with the vehicle for 6 and 12 hours were
electrical resistanceorganized in typical cortical rings at the apical levels and
in stress fibers at the basal level. The pattern remained Transepithelial ion transport was evaluated by mea-
unchanged during the entire cycle. Cells incubated with suring transepithelial electrical resistance in MDCK cell
melatonin for 3 hours showed a similar pattern to that monolayers cultured on anopore filters. Monolayers of
observed in cells cultured with the vehicle (Fig. 4C). 7 days in culture showed a stable transepithelial electrical
However, after 6 hours of incubation with the hormone, resistance of 650 /cm2 (Fig. 5A). After addition of the
abundant and thicker stress fibers were observed in cells vehicle, the transepithelial electrical resistance did not
change after 12 hours of incubation and remained withinnot forming a dome (Fig. 4D). Cells forming a dome are
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the same range. In contrast, after 6 hours of incubation
with 109 mol/L melatonin, the transepithelial electrical
resistance value decreased by 28% and remained low
for up to 12 hours (Fig. 5A), suggesting water and ion
passage throughout the paracellular route.
To determine if the decrease in transepithelial electri-
cal resistance observed in the presence of melatonin
could be due to alterations of the paracellular route,
FITC-dextran flux was measured in monolayers incu-
bated with 109 mol/L melatonin for 6 hours, 9 hours,
or 12 hours, adding a low-molecular-weight dextran. As
shown in Figure 5B, melatonin did not modify the FITC-
dextran flux after 6 hours, 9 hours, or 12 hours of melato-
nin incubation (Fig. 5B) and the permeability values
were similar to those obtained for monolayers incubated
with the vehicle alone (Fig. 5B). The FITC-dextran flux
observed in this condition could be due to selective low
passage through the tight junctions.
Participation of Na-K-ATPase and PKC
in dome formation
The decrease in transepithelial electrical resistance
suggested that water and ion transport could be due to
modifications of the transcellular pathway. Therefore,
the effects of melatonin on permeability were evaluated
by inhibiting the Na-K-ATPase with 10 mol/L oua-
bain and assessing the formation of domes (Fig. 6). Oua-
bain abolished dome formation when added to confluent
monolayers for 1 hour (Fig. 6). Furthermore, complete
blockage in the increased dome formation was observed
in MDCK cell monolayers preincubated with ouabain
and then treated with 109 mol/L melatonin for 6 hours.
These results showed that the increased water and ion
flux is induced by melatonin and takes place through the
transcellular pathway.
Participation of PKC in the mechanisms by which mel-
atonin causes an increase in vectorial water transport
was demonstrated by measuring dome formation in the
presence of either the vehicle, 109 mol/L melatonin, the
PKC agonist PMA (20 nmol/L), or the PKC inhibitors
bisindolylmaleimide or calphostin C (0.5 mol/L) with
either PMA or melatonin (Fig. 7). Dome formation mea-
sured in control condition is shown in bar A. As shown
in bars B and E, both melatonin and PMA increased
dome formation by 42% and 37%, respectively, while
Fig. 5. Effect of melatonin on transepithelial electrical resistance and
the paracellular flux. (A ) Transepithelial electrical resistance was mea-
sured in Madin-Darby canine kidney (MDCK) cells plated on anopore
filters as described in the Methods section. Resistance of cell mono- fluorescein isothiocyanate (FITC)-dextran. MDCK cell monolayers cul-
layers incubated in Dulbecco’s modified Eagle’s medium (DMEM) for tured on anopore filters were incubated with the vehicle, or with 109
7 days is shown at time 0. After 12 hours, the vehicle (V) was added mol/L melatonin for 4 hours, 7 hours, or 10 hours. FITC-dextran was
and transepithelial electrical resistance was measured at this time and added to the apical side and cells were cultured for 2 additional hours
12 hours later. Afterwards, 109 M melatonin (M) was added and in the presence of the hormone to complete 6, 9, or 12 hours. FITC-
transepithelial electrical resistance was measured every 3 hours. Aster- dextran concentration was determined in the basolateral compartment.
isks indicate significant differences compared with the vehicle. *P  Results represent the mean  SEM of one out of three experiments
0.02; ** P  0.04. (B ) Paracellular flux was measured with 4 kD done by quadruplicate.
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Fig. 7. Protein kinase C (PKC) participation on dome formation elic-
ited by melatonin. Participation of PKC in dome formation was as-
sessed in Madin-Darby canine kidney (MDCK) cell monolayers cul-
tured with the PKC agonist, phorbol 12-myristate 13 acetate (PMA),
or the PKC inhibitors, bisindolylmaleimide, and calphostin C. MDCK
cells were cultured with either (A) the vehicle, (B) 109 mol/L melato-
Fig. 6. Participation of Na-K-ATPase in dome induction by melato- nin, or (E) 20 nM PMA for 6 hours, or preincubated with (C and F)
nin. Participation of Na-K-ATPase was evaluated in Madin-Darby 0.5 mol/L bisindolylmaleimide or (D and G) 0.5 mol/L calphostin
canine kidney (MDCK) cell monolayers cultured with the Na-K- C before (C and D) 109 mol/L melatonin or (F and G) 20 nmol/L
ATPase inhibitor ouabain. MDCK cell monolayers were cultured with PMA treatment for 6 hours. Domes were counted in four randomly
either the vehicle, 109 mol/L melatonin, 10 mol/L ouabain, or 10 chosen fields in quadruplicate using optic microscopy. Results repre-
mol/L ouabain for 1 hour followed by 109 mol/L melatonin for 6 sent the mean  SEM of one out of three experiments. Asterisks
hours in the presence of ouabain. Domes were counted in four random- indicate significant differences compared with the vehicle. *P  0.05.
ized fields with optic microscopy. Results represent the mean SEM of
one out of three experiments. Asterisks indicate significant differences
compared with the vehicle. *P  0.038; ** P  0.001.
through the transcellular route, implicating reorganiza-
tion of the actin cytoskeleton, participation of PKC, and
formation of domes, occurred in a time lapse of 6 hours.both calphostin C and bisindolylmaleimide inhibited the
These changes gradually reverted and could be reini-increase in dome formation caused by melatonin by 93%
tiated after a 12-hour cycle without melatonin. Theseand 85%, respectively (bars C and D). Similarly, both
data, together with the evidence that MDCK cells main-PKC inhibitors decreased the dome formation elicited
tain biochemical, physiologic, and structural features ofby PMA by 85% and 87%, respectively (bars F and G),
kidney transporting epithelia in culture [32], indicate thatindicating the participation of PKC in the process of
these cells provide a useful model to study the cellulardome induction.
mechanisms by which melatonin synchronizes kidney cell
physiology with the photoperiod.
DISCUSSION Dome formation is the result of active water transport
from the apical to the basolateral domain, as well asIn mammals, a circadian rhythm of pineal melatonin
production, dependent on the photoperiod, occurs. A of modifications of the actin cytoskeleton [16, 33]. A
previous work, utilizing MDCK cells, demonstrated thatnocturnal rise of melatonin in the plasma is derived pri-
marily from the melatonin synthesized in the pineal gland 2,3 butanedione monoxime, a specific inhibitor of actin-
myosin interactions, induced the formation of domesand released to the general circulation where it reaches
a nanomolar concentration [1]. In this study, we showed in cultured monolayers. Furthermore, the induction of
domes was accompanied by a drop in transepithelialthat renal epithelial cells in culture respond to nanomolar
concentrations of melatonin following a cyclic pattern electrical resistance with augmented ion and water trans-
port through the transcellular pathway, which accountedthat resembles the cyclic variation of melatonin levels
in the plasma. An increase in vectorial water transport for the accumulated water in the basolateral space and
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explained the loss of transepithelial electrical resistance the antidiuretic hormones involve the production of cy-
[16]. Evidence presented in this study suggested that clic adenosine monophosphate (cAMP) [35]. The molec-
the use of this myosin ATPase inhibitor modifies the ular events leading to the increase in water permeability
interaction of the actin-myosin filaments that regulate occur in the kidney by the activation of protein kinases
ion channels and pumps inserted in the plasma mem- or phosphatases by cAMP [11]. In this regard, activation
brane, and that actin reorganization at the basal side of specific melatonin mt1 receptors is not probable since
facilitates the detachment of some cells to form domes, MDCK cells do not express these receptors [36] and
while reinforcing the attachment of those cells located because mt1 receptors are coupled to Gi protein, a GTP
around the domes [16]. We found that after treating binding regulatory protein, and, in consequence, its acti-
MDCK cells with melatonin also resulted in an increase vation is followed by a decrease in cAMP [37]. Previously,
of dome formation, supporting the previous results and it was reported that melatonin inhibits the calmodulin-
the suggestion that domes are formed by a combined dependent cAMP phosphodiesterase activity [38]. Thus,
action of increased water and ion transport and reorgani- an increase in cAMP elicited by melatonin may occur
zation of the actin cytoskeleton [16]. Treatment with through this pathway. However, melatonin does not change
melatonin induced numerous and longer stress fibers and cAMP levels in MDCK cells (data not shown). Through
thicker focal contacts in cells surrounding the domes, the present approach, we cannot determine the precise
coincidentally with the optimal time for maximal in- signal transduction pathway(s) involved in the mecha-
crease in dome formation. These effects were gradually nism by which melatonin causes modifications in the
reversed at longer times of exposure to melatonin and organization of the actin cytoskeleton or ion transport.
suggest that these changes can be induced again after However, it is possible that an interaction between PKC
one cycle of 12 hours without melatonin. As the cycle activated by melatonin and Rho [39] may cause an in-
changes in actin organization observed are correlated crease in stress fibers formation [40] and the modifica-
with the cyclic changes in water transport and formation tions in actin dynamics that would induce the formation
of domes, it is possible to think that melatonin effects of domes.
on microfilament organization may be relevant to the Finally, since melatonin increases water and ion trans-
melatonin action on vectorial water transport in MDCK port from the apical to the basolateral side in a kidney
cells. transporting epithelium in culture, and this involves PKC
Previous evidence indicates that melatonin in vitro participation and microfilament reorganization in condi-
stimulates the activity of a purified bovine brain PKC tions that mimic the time and concentration of melatonin
[27]. In N1E-115 cells, selective activation of PKC 	 by circulating in plasma, it is possible that the modifications
this hormone is followed by a reversible reorganization in urine production and osmolarity observed in the kid-
of vimentin-intermediate filaments and increased neurite ney during the dark phase in which melatonin reaches
outgrowth [8, 9]. In this study, we showed that the PKC highest concentration may be related to cytoskeletal and
agonist, PMA, increased dome formation similarly to permeability changes and increases in PKC activity elic-
melatonin. Both PMA and melatonin effects on dome ited by melatonin [2, 3]. The results support the proposed
formation were abolished by the specific PKC inhibitors, hypothesis that plasma-circulating levels of melatonin
bisindolylmaleimide and calphostin C. Thus, these data may synchronize cell physiology with the photoperiod
indicate that PKC activation is involved in the mecha- by changing cytoskeletal organization [6].
nism by which melatonin increases dome formation in
MDCK cells. Moreover, it is known that Na-K- ACKNOWLEDGMENTS
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